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Background: Oligonucleotide-peptide conjugates have
several applications, including their potential use as thera-
peutic agents. We developed a strategy for the chemical
ligation of unprotected peptides to oligonucleotides in
aqueous solution. The two compounds are joined via a
stable amide bond in a temphte-directed reaction.
Results: Peptides, ending in a carbox-y-terminal thioester,
were converted to thioester-linked oligonucleotide-pep-
tide intermediates. The oligonucleotide portion of the
intermediate binds to a complementary oligonucleotide

template, placing the peptide in close proximity to an
adjacent template-bound oligonucleotide that terminates
in a 3' amine.The ensuing reaction results in the efficient
formation of an amide-linked oligonucleotide-peptide
conjugate.
Conclusions: An oligonucleotide template can be used
to direct the ligation ofpeptides to oligonucleotides via a
highly stable amide linkage. The ligation reaction is
sequence-specific, allowing the simultaneous ligation of
multiple oligonucleotide-peptide pairs.
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Introduction

Synthetic oligonucleotides _nd peptides have enjoyed a

wide range of applications in both biology and chem-
istry. As a consequence, oligonucleotide-peptide conju-

gates have received considerable attention, most notably
in the development of antisense constructs with im-

proved pharmacological properties [1-7]. In addition,

oligonucleotide-peptide conjugates have been used as
molecular tags [8-11], in the assembly ofsupramolecular

arrays [12] and in the construction of encoded combina-
torial libraries [13-15]. To make these chimeric mole-
cules more accessible for a broad range of investigations,

we sought to develop a facile method for joining fully

deprotected oligonucleotides and peptides through a
stable amide bond linkage. Furthermore, we wished to

make this ligation reaction addressable, enabling one to
direct the ligation of specific oligonucleotide and peptide

components.To confer specificity and accelerate the rate
of the reaction, the ligation process was designed to

be dependent on the presence of a complementary

oligonucleotide template.

The ligation chemistry used here is related to a method

developed previously for the native chemical ligation of
unprotected peptides in solution ([16]; see also [17] for

commentary). The method of native chemical ligation
for joining two unprotected polypeptides involves a
chemoselective reaction be_veen one polypeptide

bearing a thioester at the carbox-yl terminus and a second

polypeptide bearing a cysteine residue at the amino ter-
minus.Thioester exchange gives rise to a thioester-linked

intermediate, which undergoes a spontaneous rearrange-
ment, under the same reaction conditions, to form a

stable peptide bond at the ligation junction.This reaction
is facilitated by the favorable orientation of the a-amine

of the cysteine residue relative to the thioester linkage;
these functionalities are arranged in an intramolecular

five-membered ring.

tkeactions between two oligonucleotides in solution can
be accelerated when carried out in a template-directed

fashion. A nucleic acid template is used to hold the

oligonucleotides in close proximity while a condensing

agent is added to promote the joining of their adjacent
ends.The template confers sequence-specificity through

base-pairing interactions and greatly enhances the effi-
ciency of condensation by increasing the effective con-
centration of the bound substrates. Template-directed

chemical ligation has been used to join oligonucleotides

by either a phosphodiester or a non-native linkage
[18-20]. It would be desirable to apply the advantages of

template-directed condensation to chemical ligation
reactions involving non-oligonucleotide compounds. In

the present study, we used a DNA template to direct the
ligation of a peptide to an oligonucleotide, the peptide

being presented by a second oligonucleotide in the form
of a reactive thioester-linked intermediate.

The reaction scheme is illustrated in Figure 1. As in native

chemical ligation of polypeptides, there is an initial
chemoselective reaction between a thiol and an unpro-

tected peptide that contains an activated carboxy-terminal
thioester. In this case, however, the thiol lies at the 5' ter-

minus ofa 5'-deoxy,5'-thio oligonucleotide (DNA 1).This
transthioesterification reaction results in formation of

an oligonucleotide-peptide intermediate, joined via a
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Fig. 1. Scheme for template-directed ligation of a peptide to an
oligonucleotide. (a) The peptide, ending in a carboxy-terminal
thioacid, is converted to the activated thioester upon incubation
with EIIman's reagent (RS--SR). This in turn reacts with a 5'-thiol-
terminated oligonucleotide (DNA1), resulting in formation of a
thioester-linked intermediate. The DNA 1-peptide intermediate is
held in close proximity to a 3'-amine-terminated oligonucleotide
(DNA2) by hybridization to adjacent sites on a complementary
template (TEM). (b) The nucleophilic amine attacks the carbonyl
carbon, forming an amide bond between DNA2 and the peptide,
and releasing the 5'-thiol-terminated DNA 1.

thioester linkage. Next, the thioester-linked intermediate

is brought into close prox_s_ty to a 3'-amine-terminated

oligonucleotide (DNA2) by annealing to a DNA tem-

plate (TEM) that is complementary to both oligo-

nucleotides. A chemical ligation reaction ensues, with the

3' amine of DNA 2 attacking the carbonyl carbon of the

DNA 1-peptide intermediate, resulting in formation of
an amide bond.

The template compensates for the lack of a highly acti-

vated carbonyl by holding the 3' amine in close proximity

to the 5' thioester, fulfilling a function analogous to that

of the 5-membered cyclic intermediate in native chemi-

cal ligation of polypeptides. The thiol-containing

oligonucleotide (DNA 1) is restored as the amide-linked

oligonucleotide-peptide product is formed. DNA 1 then

has the potential to form another thioester-linked inter-

mediate; both it and the template may be recycled

following the reaction. The amide-linked oligonucleo-

tide-peptide product can be separated from the other

components by standard purification techniques, such as

polyacrylamide gel electrophoresis. The ligation reaction

is eEicient and quite general, as demonstrated in this study

by the use of two different peptides and two different

combinations of complementary oligonucleotides.

Results

A list of oligonucleotides and peptides that were used

in this study is prox4ded in Table 1. The 3'-amine-termi-

nated DNA2 was prepared by enzymatic addition of

3'-amino-2',3'-dideox-ythymidylate to the 3' terminus of

d(GGCCCTCoH ) using terminal transferase.The 5'-thiol-

terminated DNAs 1A and 1B were synthesized by standard

phosphoramidite chemistry, incorporating S-trityl uridine

at the 5' terminus. The 5'-trityl protecting group was

Table 1. Oligonucleoddes and peptides used in this study.

Oligonucleotides
Name

DNA 1 A
DNA IB

DNA IC

DNA2

TEM A
TEM B

Sequence

5'-HS-UATATCGGACTGGC-3'
5'-HS-UGCGATACTGACAG-3'
5'-HO-CATCFrCCCCGACCG-3'

5'-GGCCCTCT-NH2-3'

5 '-GTGACCTGCCAGTCCGATATAAGAG GGCC-3 '

S'-CTGTCAGTATCGCAAGAGGGCCA-3'

Peptides

Name

NLS

oyn

Sequence

H2N- Ala Ala LysArg Val Lys Leu Gly -COSR
H2N- Tyr Gly Gly Phe Leu Arg Arg Gly -COSR

DNA1A and 1B are composed of standard deoxyribo-
nucleotides except for a single 5'-deoxy, S'-thio,2'-methoxy -
uridine residue at the 5' terminus. DNA2 is composed of
standard deoxyribonucleotides except for a single 3'-amino,
2',3'-dideoxythymidine residue at the 3' terminus. The pep-
tides were prepared with a carboxy-terminal glycine thioacid
and subsequently converted to the 5-thio-2-nitrobenzoic acid
ester (-COSR) upon Ireatment with EIIman's reagent.
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Fig. 2. Formation of the thioester-linked
oligon ucleotide-peptide intermediate.
DNA 1A, 1B, and 1C were radiolabeled
at the 3' terminuswith [_-32p]dATP and
terminal transferase.The 5'-trityl pro-
tecting group was removed from DNA
1A and 18 as described in Materials
and methods. DNAlC contains a
5'-hydroxyl rather than 5'-thiol. DNA1
was added to a reaction mixture con-
taining - 850 I_M peptide, 30 mM sodi-
um phosphate (pH 8.0), and 2.3 mM
spermidine, which was incubated at
25 °C for 30min. Reaction products
were analyzed by electrophoresis in a
17.5% polyacrylamide/SM urea gel
with a running buffer containing 40raM
4-morpholinepropane sulfonic acid
(pH 6.5), 45mM borate, and 0.5ram
EDTA. The products were visualized by
autoradiography. N, NLS peptide; D,
dyn peptide.

DNA 1 - NLS

DNA 1 - dyn

DNA 1

Peptide: - N D - N D - N D

DNAI: A A A B B B C C C

removed before using the oligonucleotide. The peptides
were prepared by stepwise solid-phase synthesis on a

thioester resin. The carbox'y-terminal thioacid of the
deprotected peptide was converted to the 5-thio-

2-nitrobenzoic acid ester upon incubation with El]man's

reagent (5,5'-dithio-bis(2-nitrobenzoic acid)).The peptides
were purified and characterized by HPLC and electrospray

mass spectrometry prior to use.

Thioester formation

The first step of the reaction involves formation of a

thioester-linked intermediate between the peptide and

the thiol-containing DNA 1. DNA 1A and 1B, radio-
labeled at the Y-terminus, were separately allowed to

react with either the NLS or dyn peptide in the pres-

ence of 2.3 mM spermidine at pH 8.0 and 25 °C (Fig.
2). The reaction proceeded to 60-70% completion in
less than 30 min. A control oligonucleotide that con-

tained a 5'-hydrox'yl rather than a 5'-thiol (DNA 1C)
did not form the corresponding carbo:wester. A small
amount of disulfide-linked DNA 1 dimer was observed,

migrating somewhat slower than the oligonucleo-

tide-peptide thioester. The thioester intermediate was
stable at room temperature over 24 h, but was degraded

significantly at 37 °C over the same time period. The
identity of the thioester intermediate was confirmed by

electrospray mass spectrometry. For example, the
thioester-linked product between DNA 1B and the dyn

peptide had an observed molecular weight of
5228.0 + 0.3 Da, consistent with the expected molecular

weight of 5227.8 Da.

Amide-bond formation
After formation of the thioester-linked intermediate, the

appropriate template oligonucleotide (TEM) and DNA
2 were added to the reaction mixture.The template was

expected to bind both oligonucleotides, positioning the

3' amine of DNA2 in close proximity to the 5' thioester
of the DNA 1-peptide intermediate.The ensuing reac-
tion led to the formation of the amide-linked DNA

2-peptide product upon incubation at 37°C for 24h
(Fig. 3). The reaction proceeded efficiently, producing a

single major product in good yield (lanes 3-6). Product
formation does not occur in the absence of the com-

plementary template (lane 7) or in the presence of a
mismatched template (data not shown). The optimal

DNA 2- NLS --_

DNA 2 - dyn

DNA 2 ---_

Peptide: N D N D N D N

DNAI: - - A A B B A

Template: - - + + + + -

Fig. 3. Formation of the amide-linked oligonucleotide-peptide
product. [5'-32Pl-labeled DNA2 was incubated with either the
free activatedpeptide (-) or the pepticle conjugated to DNA 1A or
DNA 1B via a thioester, in either the presence(+) or absence(-)
of the corresponding template oligonucleotide. Reaction prod-
uctswere separated by electrophoresisin a denaturing polyacryl-
amiclegel run at pH 8.3, an autoradiogramof which is shown. N,
NLS peptide; D, dyn peptide.
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reaction conditions (2-4mM spermidine, pH8.0,

37 °C) were determined experimentally. A time-course
analysis showed that the reaction with the NLS peptide

proceeded to 70--85% completion in 15h (Fig. 4).The
reaction with the dyn peptide was less efficient, pro-

ceeding to 60--70% completion in 30h. The DNA

1A-TEMA templating system resulted in slightly
greater yields compared to the DNA 1B-TEM B system.

The products ofamide bond formation between DNA 2
and the dyn peptide were characterized by matrix-

assisted laser desorpfion ionization (MALDI) mass spec-
trometry. The completed reaction mixture was purified

by reverse-phase column chromatography to remove

unreacted peptide and salts. MALDI mass spectrometry
was carried out in the negative-ion mode to facilitate

detection based on the nucleic acid component of the
various compounds. As shown in Table 2, the desired

amide-linked oligonucleotide-peptide conjugate was

formed. In addition, all of the expected intermediates
and products were observed.

To confirm that the 3'-arnine of DNA 2 is the reactive

nucleophile, the 3'-amine-terminated DNA2 was
replaced by an all-deoxy DNA2, terminating in a

3'-hydroxyl. Incubation of the DNA 1A-NLS thioester
intermediate with TEMA and the all-deoxy DNA2

resulted in formation of a putative carboxyester-linked

DNA2-NLS conjugate, in slightly lower yield com-

pared to the analogous amide-linked product. The
presumed carbox-v, ester-linked product underwent com-
plete hydrolysis upon incubation in the presence of

0.01 M NaOH at 25 °C for 1 h, while the correspond-

ing amide-linked product was unaffected (data not
shown). As expected, no product was obtained when

8o

8o

2O

0
0 10 20 30

Time (hr)

Fig. 4. Time-course analysis of the formation of the amide-
linked oligonucleotide-peptide product. Reactions were
carried out in the presence of 3raM spermidine and 40raM
sodium phosphate (pH 8.0) at 37°C in a reaction mixture that
contained 132 I_M DNA 1-peptide, 33 I_M TEM, and 3.2 I.cM
DNA2. Reaction products were separatedby electrophoresis in
a denaturing polyacrylamide gel and quantified by phos-
phorimager analysis. 41,,DNA 1A-NLS; O, DNA1B-NLS; A,
DNA 1A-dyn; II, DNA 1B- dyn.

Table 2. MALDI mass spectroscopy characterization of the
products of template-directedamide bond formation.

Expected Observed
mass(Da) mass(Da)

dyn peptide 925 924
(hydrolysisproduct)

DNA2 2362 2359
DNA2 + dyn 3270 3269

(amide-linked)
DNA1A 4311 4312
DNA1A + dyn 5219 5220

(thioester-linked)
DNA1A + DNA1A 8620 8652

(disulfide-linked)
TEM A 9241 9249

Ligationof DNA 2 and _,n, using D NA 1A and TEMA. Observed
masseswere assignedon the basis of the expected molecular
weights for the various reaction components and products.

the 3'-amine-terminated DNA2 was substituted by

DNA 2 ending in 2'.3'-dideoxythymidine.

The ligation reaction was designed so that formation of

the amide-linked product only occurs when the amine-

terminated oligonucleotide (DNA2) is brought into
close proximity to a peptide presented in the context of
a thioester-linked oligonucleotide-peptide intermediate.

This localization is accomplished through sequence-

specific,Watson-Crick pairing between a template oligo-
nucleotide and the complementary DNA 1 and DNA 2

oligonucleotides. In principle, this template dependence
should allow the simultaneous ligation of various

amine-terminated oligonucleotides to specific peptides,

each in a sequence-dependent fashion. Figure 5 demon-
strates the possibility, of simultaneous ligation for the

case of two oligonudeotide-peptide combinations. The
thioester-linked DNA IA-dyn and DNA 1B-NLS

intermediates were formed and purified by polyacryl-
amide gel electrophoresis.These two intermediates were

incubated together in the presence of DNA2 and either
one or both of the TEM oligonucleotides. In the pres-

ence of a single oligonucleotide template (TEM A or

TEM B), a single amide-linked product was formed
(DNA 2-dyn or DNA 2-NLS, respectively), whereas in

the presence of both templates, both amide-linked
products were obtained.

Discussion

The use of synthetic oligonucleotides as either antisense

or ribozyme therapeutics may be limited by their poor

ability to penetrate the cell membrane and become
localized within the appropriate cellular compartment.

Peptide-mediated targeting of oligonucleotides has
been proposed as a possible solution to this problem.

Oligonucleotides that are conjugated to particular pep-
tides (or polyamino acids) have been shown to have an
enhanced ability to penetrate cells [1-3], resist degrada-

tion by intracellular nucleases [5] and augment the
hybridization of the oligonucleotide to its target [4,6].

Peptides could also be used to direct oligonucleotides
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DNA 2 - NLS

DNA 2 - dyn

DNA 2 --_

TEM : A B A+B

Fig. 5. Formation of multiple amide-linked DNA2-peptide con-
jugates in an addressable format. DNA 1A-<]yn and DNA 1B-NLS
thioester-linked intermediates were preformed and gel puri-
fied. Amide bond formation was carried out in the presence of
both preformed intermediates and either one or both TEM
oligonucleotides at 32 °C for 18h. Reaction products were sepa-
rated by electrophoresis in a 20 % polyacrylamide/SM urea gel
run at pH 8.3, an autoradiogram of which is shown. The imper-
fect fidelity of the reaction is likely due to 5'-thiol terminated
DNA 1, liberated from the thioester-linked intermediate, which
subsequently attacks a different DNAl-peptide intermediate,
independentof sequence.

to particular intracellular sites [7,21,22]. In one study,

for example, an antisense oligonucleotide-peptide con-
jugate was constructed, joined through a thioether

linkage [7]. The oligonucleotide was complementary to
a portion of HIV-1 mP,.NA; the peptide contained a

sequence (Lys-Asp-Glu-Leu) known to direct proteins
to the endoplasmic reticulum, in principle allowing

greater access to ml:LNA targets in the cytoplasm. In
HIV-l-infected cells, the antisense oligonucleotide

linked to the peptide exhibited greater antiviral activity

compared to the oligonucleotide alone. Conversely,
peptides have been used as nucleic acid cleavage agents,
directed to a particular P,.NA or DNA target by an

attached complementary oligonucleotide [23,24].

Several schemes have been devised for attaching peptides

to oligonucleotides using a synthetic linkage, such as a
disulfide [10,21,25] or thioether [9,21-_-3,26], or by
Schiff base formation between the _-amino group of

lysine and an oligonucleotide 2'(3')-dialdehyde [1]. In
addition, there are methods for the solid phase synthesis

of peptide-oligonucleotide conjugates [27-31].We have

devised a strategy for joining fully deprotected oligo-

nucleotides and peptides in aqueous solution through a

stable amide linkage (Fig. 1). This method relies on an

oligonucleotide template to promote the ligation reaction
and to confer specificity for a particular combination of

oligonucleotide and peptide. As a test case, we used two
different peptides: dynorphin A 1-7 (dyn), a high-affinity

ligand for the [3-endorphin receptor [32]; and the nuclear
localization signal (NLS), a peptide sequence that causes

cytosolic proteins to become imported to the nucleus

[33]. When conjugated to an oligonucleotide, these and

other signal peptides [34] can be used to target a thera-
peutic antisense or catalytic nucleic acid to a particular

cell type or intracellular compartment.

The template-directed ligation reaction proceeds opti-
mally at pH 8.0 and 37 °C. We were concerned that the

thioester intermediate might be too unstable under these
conditions, but this proved not to be the case. The

benefit of working at slightly alkaline pH is that it facili-

tates deprotonation of the oligonucleotide 3'-amine

(pK= = 8.2) [35], which is necessary for its attack on the
adjacent peptidyl thioester. No further improvement in

yield was obtained by increasing the pH fi'om 8.0 to 8.5
or by raising the temperature from 37 to 42 °C. A similar
reaction scheme can be used to prepare oligonucleo-

tide-peptide conjugates joined with a carboxyester

linkage. The carboxyester-linked conjugate is far more
labile to alkaline hydrolysis relative to the amide-linked

compound, however.

The addition of spermidine resulted in increased yields,
although no improvement was obtained by adding Mg 2+.

Spermidine and Mg 2+ both stabilize DNA duplex struc-
ture, but the fact that only spermidine led to increased

yields suggests that it may have a more subde effect on
the conformation of the template-bound substrates.The

initial oligonucleotide concentrations were chosen so
that, at 25 °C and in the absence ofspermidine, nearly all
DNA 2 would be bound to a template that itself was sat-

urated with the DNA 1-peptide intermediate. Complex

formation was confirmed by gel-shift analysis in a non-

denaturing polyacrylamide gel (data not shown).
Surprisingly, after the reaction conditions were optimized,

a similar gel-sh_ analysis conducted at 37 °C in the pres-

ence of spermidine revealed that, at equilibrium, almost
none of the amine-terminated oligonucleotide is bound

to the template. Since amide bond formation is absolutely

dependent on the presence of a complementary template,
this suggests that ligation proceeds efficiendy during the
short time that the two oligonucleotide substrates are

co-localized on the template.

In the native chemical ligation of polypeptides [16], a
covalent thioester intermediate positions the nucleo-

philic amine for amide bond formation, proceeding
through a favorable intramolecular five-membered ring.
In our reaction system, the use of an oligonucleotide

template similarly provides 'entropic activation' [36],
in effect converting an intermolecular reaction to a
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pseudo-intramolecular one. The template and 5'-thiol-
terminated oligonucleotides are regenerated during the

reaction and, in principle, could be recycled for repeated
condensation reactions. Furthermore, while the compo-

nents of the reaction were designed to result in attachment

of the peptide to the 3' terminus of the oligonucleotide, it
is likely that they could be rearranged to allow attachment

of the peptide to the 5' terminus of the oligonucleotide

through the template-directed reaction of an oligo-
nucleotide 3'-peptidyl thioester intermediate and an

oligonucleotide 5'-arnine.

We have carried out the template-directed ligation of

peptides to oligonucleotides with a variety of different

peptides, up to eight amino acids in length. For certain
small peptides that tend to adopt a cyclic conformation,
the amine terminus of the peptide may compete with the

amine-terminated oligonucleotide, resulting in cyclization

of the peptide rather than ligation of the peptide to the
oligonucleotide.The maximum size ofa peptide that can

be ligated efficiently is not known. The only known limi-
tation in sequence is at the carboxyl terminus, where a

thioester resin must be used to initiate solid-phase synthe-
sis. Model studies involving peptide ligation suggest that,

for optimal ligation efficiency, the carboxy-terminal
amino acid should have a non-j3-branched side chain, like

that of glycine or alanine, rather than a bulky one, like

that of isoleucine or threonine. Solubilizing agents such as

urea and guanidine hydrochloride do not interfere with
thioester formation and could be used to enhance

the concentration of otherwise poorly soluble peptides

during the first step of the reaction.

In addition to accelerating the reaction, the oligonucleo-

tide template system allows the reaction to occur in an
addressable format.The identity of the peptide is specified

by the sequence of the oligonucleotide (DNA1) to
which it is linked in the thioester intermediate. The

template recognizes a particular DNA 1-specified peptide
and DNA2, resulting in their ligation. This template

dependence allows one to carry out simultaneous ligation
of amine-terminated oligonucleotides and preformed

oligonucleotide-peptide thioesters, each in a sequence-

dependent fashion. In a combinatorial reaction contain-
ing multiple preformed thioester intermediates, the

sequence of the template would encode the peptide that
is to be ligated, analogous to the way in which an mRNA
codon encodes an amino acid during protein synthesis.

Significance
The chemistry used in this study allows one to
ligate fully-deprotected oligonucleotides and

peptides in a sequence-dependent manner. The

two components may be joined via a stable
amide or more labile carboxyester linkage.
Because ligation is carried out in an addressable
format, one can simultaneously join various

combinations of oligonucleotides and peptides.
To demonstrate this, we ligated two different

peptides to an oligonucleotide using two differ-
ent oligonucleotide templates.The peptides used

are known to be important in vivo, directing pro-
teins to a cell-surface receptor or to the nucleus.

Such peptide-oligonucleotide conjugates might

therefore be used to target antisense molecules
or nucleic acid catalysts to particular cell types

or subcellttlar compartments. In addition, these

oligonucleotide--peptide conjugates may be use-
ful as biochemical tools in the construction of

molecular tags in the assembly of supramole-
cular arrays, and in the preparation of novel

substrates for the study of nucleic acid catalysis.

Materials and methods

Oligonucleotides and oligonucleotide analogs
Synthetic oligonucleotides were purchased from Operon
Technologies. DNA 1A and 1B were synthesized by standard
phosphoramidite chemistry, the 5'-thiol being introduced by
incorporation of S-trityl-2'-O-methoxyuridine. 5'-(S-tri-
phenylmethyl)mercapto-5'-deoxy-2'-O-methyluridine-3'- O-
(2-cyanoethyl-N,X-diisopropylphosphoramidite) was prepared
from commercially available 2'-O-methyluridine 0-Matulic-
Adamic et al., manuscript in preparation).The oligonucleotides
were deprotected, except at the 5'-thiol position, by standard
methods, and were purified by polyacrylamide gel elec-
trophoresis and subsequent reverse-phase chromatography.Just
prior to use, DNA 1A and 1B were suspended in 0.1 M tri-
ethylamine acetate CTEAA), pH 6.5, and 0.15 volumes of 1 M
aqueous AgNO 3 ,,x-as added to promote removal of the 5'-trityl
protecting group. FoUowing incubation at 25 °C for 30 rain,
0.2 volumes of 1 M dithiothreitol (DTT) was added and the
mixture g_s incubated at 25 °C for an additional 5 min. The

Ag + salt of DTT xx_s removed by centrifugation and washed
twice with 0.1 M TEAA, pH 6.5.The supernatants were com-
bined and excess salt and DTT were removed by reverse-phase
chromatography on DuPont Neusorb 20. The deprotected
oligonucleotides were lyophilized and resuspended in HzO.
DNA 2 was prepared by enzymatic addition of 3'-amino,
3'-deoxythymidine to the 3' terminus ofd(GGCCCTC), using
terminal transferase and 2',3'-dideoxy, 3'-amino TTP [35].

Synthesis of thioester peptides
All peptides were synthesized manually using optimized solid-
phase methods [37] on a thioester resin, prepared by a general-
ized version of the Blake-Yamashiro procedure [38-40]. The
resulting deprotected thioacid peptide was lyophilized and
reacted with 1.2 equivalents ofEllman's tLeagent (5,5'-dithio-
bis(2-nitrobenzoic acid)) at pH 6.5 for 1 h.The peptides were
purified by reverse-phase HPLC (linear gradient of 9 to 45 %
CH3CN in 0.1% trifluoroacetic acid (TFA) and H20 over
40 rain). Peptide composition and purity were confirmed by
electrospray mass spectrometry. Peptides were resuspended in
30 mM sodium acetate, pH 5.2, at a final concentration of
-20 _g la.1-1and stored at -20 °C.

Template-directed formation of amide-linked

oligonucleotide-peptide conjugate
The thioester-linked DNA 1-peptide intermediate was pre-
pared by adding detritylated DNA 1 (135 _M) to a reaction
mixture containing -700 _M peptide, 42 mM sodium phos-
phate, pH 8.0, and 2-4 mM spermidine, which was incubated
at 25 °C for 30 rain. The appropriate TEM oligonucleotide
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and [5'-32p]olabeled DNA 2 were added to the completed

reaction mixture to final concentrations of 33 I.tM and

3.2 p.M, respectively. The reaction mixture was incubated at

37 °C for various times, withdrawing aliquots that were

quenched by incubation at 65 °C for 1 min, then stored at

-20 °C. Reaction products were separated by electrophoresis

in a 20 % polyacrylamide/8 M urea gel and quantified by

phosphorimager analysis.

Mass spectrometry analysis

The thioester-linked conjugate between DNA 1B and the dyn

peptide was purified by reverse-phase chromatography on

DuPont Nensorb 20 and resuspended in 45 % acetonitrile and

0.1%TFA to an approximate concentration of 25 I_M. Spectra

were obtained using a Sciex API-III quadrupole ion-spray mass

spectrometer in the negative ion mode.The amide-linked prod-

ucts were analyzed by MALDI mass spectrometry. Following

formation of the amide-linked product, the entire reaction

mixture was purified by reverse-phase chromatography and

resuspended in a saturated matrix solution of 3-hydroxy-

picolinic acid (prepared in a 1:1 mixture of acetonitrile and

0.1%TFA in H20 ) such that the concentration of the amide-

linked conjugate was ~1.5 _M. MALDI samples were prepared

by adding 2 I_1 of this mixture on a stainless steel probe tip

(3.1 mm 2) before allowing the solvent to evaporate at room

temperature. Desorption and ionization of samples were per-
formed with a Lumonics Model HY 400 Nd:YAG laser and

spectra were recorded using aVestec ModelVT 2000 laser de-

sorption, linear time-of-flight mass spectrometer. All MALDI

spectra were obtained in the negative-ion mode and summed

over 50 laser shots.The singly- and doubly-charged molecular

ion signals from a DNA oligonucleotide (CCTAAGTGAAT-

TATTGAAAG, 6165 Da) were used as internal standards for

MALDI mass calibration.

Acknowledgements: We are grateful to Michael Fitzgerald for

assistance with MALD[ mass spectrometry., to the Peptide

Laboratory at IL.W. Johnson Pharmaceutical R.esearch

Institute (La Jolla, CA) for use of the MALDI mass spectrome-

ter, to Jasenka MatuLic-Adamic at R.ibo_'me Pharmaceuticals

Inc. (Boulder) for preparation of the 5'-(S-triphenyl-

methyl) mercapto-5'-deoxy-2'- O-methyluridine phosphora-

midite and to Tom Muir for helpfi.d discussions.This work was

supported by the NASA Specialized Center for ILesearch and

Training (NSCOR.T) in Exobiology and by grant #GM48870

from the National Institutes of Health. R.K.B. is an NSF

predoctoral fellow.

References
1. Bayard, B., Bisbal, C. & Lebleu, 8. (1986). Activation of ribonuclease

L by (2'-5')(A)4-poly(t-lysine) conjugates in intact cells. Biochemistry
25, 3730-3736.

2. Lemaitre, M., Bayard, B. & Lebleu, B. (1987). Specific antiviral activity

of a poly(t-lysine)-conjugated oligodeoxyribonucleotide sequence
complementary to vesicular stomatitis virus N protein mRNA
initiation site. Prec. Natl. Acad. 5ci. USA 84, 648--652.

3. Leonetti, J., Degols, G. & Lebleu, B. (1990). Biological activity of
oligonucleotide-poly(t-lysine) conjugates: mechanism of cell

uptake. Bioconjugate Chem. 1, 149-153.
4. Zhu, T., et al., & Stein, S. (1993). Oligonucleotide-poly-k-ornithine

conjugates: binding to complementary DNA and RNA. Antisense
Res. Dev. 3, 265-275.

5. Levy, H.B., et aL, & Rice, J. (1975). A modified polyriboinosinic-

polyriboc'ytidylic acid complex that induces interferon in primates.
J. Infect. Dis. 132, 434-439.

6. Corey, D.R. (1995). 48 000-fold acceleration of hybridization by

chemically modified oligonucleotides. J. Am. Chem. So(:. 117,
9373-9374.

7. Arar, K., Aubertin, A., Roche, A., Monsigny, M. & Mayer, R. (1995).

Synthesis and antiviral activity of peptide-oligonucleotide conju-
gates prepared by using Nct-(bromoacetyl)peptides. Bioconjugate
Chem. 6, 573-577.

8. Jablonski, E., Moomaw, E.W., Tullis, R.H. & Ruth, J.L. (1986).

Preparation of oligonucleotide-alkaline phosphatase conjugates and

their use as hybridization probes. Nucleic Acids Res. 14,
6115-6128.

9. Li, P., Medon, P.P., Skingle, D.C., Lanser, J.A. & Symons, R.H.
(1987). Enzyme-linked synthetic oligonucleotide probes: non-

radioactive detection of enterotoxigenic Escherichia coil in faecal
specimens. Nucleic Acids Res. 15, 5275-5287.

10. Chu, B.C.F. & Orgel, L.E. (1988). Ligation of oligonucleotides to

nucleic acids or proteins via disulfide bonds. Nucleic Acids Res. 16,
3671-3691.

11. Haralambidis, J., et aL, & Tregear, G.W. (1990). The preparation of
polyamide-oligonucleotide probes containing multiple non-radioactive
labels. Nucleic Acids Res. 18, 501-505.

12. Niemeyer, C.M., Sane, T., Smith, C.L. & Cantor, C.R. (1994).
Oligonucleotide-directed self-assembly of proteins: semisynthetic

DNA-streptavidin hybrid molecules as connectors for the genera-
tion of macroscopic arrays and the construction of supramolecular

bioconjugates. Nucleic Acids Res. 22, 5530-5539.
13. Brenner, S. & Lerner, R.A. (1992). Encoded combinatorial chemistry.

Prec. NatI. Acad. Sci. USA 89, 5181-5183.

14. Needels, M.C., et al., & Gallop, M.A. (1993). Generation and

screening of an oligonucleoticle-encoded synthetic peptide library.
Prec. Natl. Acad. 5ci. USA 90, 10700-10704.

15. Nielsen, J., Brenner, S. & Janda, K.D. (1993). Synthetic methods for

the implementation of encoded combinatorial chemistry. J. Am.
Chem. Soc. 115, 9812-9813.

16. Dawson, P.E., Muir, T.W., Clark-Lewis, I. & Kent, S.B.H. (1994).

Synthesis of proteins by native chemical ligation. Science 266,
776--779.

17. Hilvert, D. (1994). Chemical synthesis of proteins. Chemistry &

Biology 1,201-203.
18. Naylor, R. & Gilham, P.T. (1966). Studies on some interactions and

reactions of oligonucleotides in aqueous solution. Biochemistry 5,
2722-2728.

19. Dolinnaya, N.G., Sokolova, N.I., Gryaznova, O.I. & Shabarova, Z.A.
(1988). Site-directed modification of DNA duplexes by chemical

ligation. Nucleic Acids Res. 16, 3721-3738.

20. Gryaznov, S.M. & Letsinger, R.L. (1993). Chemical ligation of
oligonucleotides in the presence and absence of a template. J. Am.
Chem. Soc. 115, 3808-3809.

21. Eritja, R., Pens, A., Escarceller, M., Giralt, E. & Albericio, F. (1991 ).
Synthesis of defined peptide-oligonucleotide hybrids containing a

nuclear transport signal sequence. Tetrahedron 47, 4113-4120.
22. Reed, M.W., Fraga, D., Schwartz, D.E., Scholler, J. & Hinrichsen,

R.D. (1995). Synthesis and evaluation of nuclear targeting

peptide-antisense oligodeoxynucleotide conjugates. Bioconjugate
Chem. 6, 101-108.

23. Tung, C., Rudolph, M.J. & Stein, S. (1991). Preparation of oligo-

nucleotide-peptide conjugates. Bioconjugate Chem. 2, 464-465.
24. Bashkin, J.K., McBeath, R.]., Modak, A.S., Sample, K.R. & Wise,

W.B. (1991). Synthesis and characterization of oligonucleotide pep-
tides. J. Org. Chem. 56, 3168-3176.

25. Wei, Z., Tung, C., Zhu, T. & Stein, S. (1994). Synthesis of oligo-
arginine-oligonucleotide conjugates and oligoarginine-bridged

oligonucleotide pairs. Bioconjugate Chem. 5, 468-474.
26. Ede, N.J., Tregear, G.W. & Haralambidis, J. (1994). Routine prepara-

tion of thiol oligonucleotides: application to the synthesis of
oligonucleotide--peptide hybrids. Bioconjugate Chem. 5, 373-378.

27. Haralambidis, ]., Duncan, L. & Tregear, G.W. (1987). The solid-

phase synthesis ol oligonucleotides containing a 3'-peptide moiety.
Tetrahedron Left. 28, 5199-5202.

28. Haralambidis, J., Duncan, L., Angus, K. & Tregear, G.W. (1990).The

synthesis of polyamide-oligonucleotide conjugate molecules.
Nucleic Acids Res. 18, 493-499.

29. Juby, C.D., Richardson, C.D. & Brousseau, R. (1991). Facile prepara-
tion of 3' oligonucleotide-peptide conjugates. Tetrahedron Lett. 32,
879--882.

30. Dreef-Tromp, C.M., van der Maarel, ].C.M., van den Elst, H., van
der Marel, G.A. & van Boom, J.H. (1992). Solid-phase synthesis of

the nucleopeptide fragment H-Asp-Ser[pAAAGTAAGCCI-Glu-OH

from the nuc/eoprotein of Bacillus subtilis phage f29. Nucleic Acids
ges. 20, 4015-4020.

31. Soukchareun, S., Tregear, G.W. & Haralambidis, I. (1995). Preparation

and characterization of antisense oligonucleoticle-peptide hybrids
containing viral fusion peptides. Bioconjugate Chem. 6, 43-53.

32. Horikawa, S., etal., & Numa, S. (1983). Isolation and structural organi-

zation of the human preproenkephalin B gene. Nature 306, 611-614.



56 Chemistry & Biology 1996, Vol 3 No 1
i,

'i

33. Hanover, J.A. (1992).The nuclear pore: at the crossroads. FASEBJ.
6, 2288-2295.

34. Lin, Y., Yao, S., Veach, R., Torgerson, T.R. & Hawiger, J. (1995).
Inhibition of nuclear translocation of transcription factor NF-KB by a

synthetic peptide containing a cell membrane-permeable motif and
nuclear localization sequence. J. Biol. Chem. 270, 14255-14258.

35. Dai, X., De Mesmaeker, A. & Joyce, G.F. (1995). Cleavage of an
amide bond by a ribozyme. Science 267, 237-240.

36. Brenner, M. (1966). Critical evaluation of coupling methods. In

Peptides. (Beyerman, H.C., van de Linde, A. & van den Brink, W.M.,
eds), pp. 1-7, North Holland Publishing Co., Amsterdam.

37. Schnolzer, M., Alewood, P., Alewood, D. & Kent, S.B.H. (1992). In

situ neutralization in Boc chemistry solid phase peptide synthesis.

Int. J. PepL Protein Res. 40, 180-193.

38. Blake, J. (1981). Peptide segment coupling in aqueous medium:

silver ion activation of the thiolcarboxyl group. Int. J. Pept. Protein
Res. 17, 273-274.

39. Yamashiro, D. & Li, C.H. (1988). New segment synthesis of alpha-
inhibin-92 by the acyl disulfide method. Int. J. Pept. Protein Res. 31,
322-334.

40. Canne, UE. & Kent. S.B.H. (1995). A general method for the synthe-

sis of thioester resin linkers for the use in the solid phase synthesis of

peptide ct-thioacids. Tetrahedron Lett. 36, 1217-1220.

Received: 15 Dec 1995. Accepted: 28 Dec 1995.


